Low resolution and narrow viewing angle are common problems for most of the existing autostereoscopic display systems. Although integral imaging is among the promising candidates for future autostereoscopic display, it is not yet free from the above bottlenecks. In this paper, a new technique to enhance the picture quality of a three-dimensional image using an offset lens array is proposed. The proposed system is suitable to realize a tiled integral floating display with high pixel density, while it also increases the viewing angle to match all of the optical devices in a single display unit. The proposed scheme was also verified with experimental results.
Introduction
The realization of a realistic three-dimensional (3D) image with the current flat panel display (FPD) technologies has become an important issue. Since the light rays from most of the real objects include 3D information, it is desirable with a long history to reveal a way to display them as they are [1, 2] . With the progress in FPD technologies during the last decade, it has become possible for consumers to encounter stereoscopic 3D products that have performances and prices that are competitive with the conventional two-dimensional (2D) displays.
However, the existing stereoscopic 3D products require observers to wear special glasses, which most consumers are reluctant to do. As a result, there are increasing needs of the autostereoscopic 3D display technologies to make the observer free from wearing additional devices. Among them, integral imaging (InIm) is regarded as one of the promising candidates due to its principle of providing a full parallax 3D image within the viewing angle [3] [4] [5] [6] [7] . Moreover, InIm is expected to be a way to resolve the conflict between accommodation and vergence by realizing a volumetric 3D image with integrated light rays from various directions [8] .
Despite the advantages listed above, InIm has some bottlenecks, such as low resolution and limited viewing angle, which are common in autostereoscopic 3D technologies. The problem of the limited viewing angle even at the center viewing position with a close viewing distance system is shown in Fig. 1 . As shown in Fig. 1 , the edge side of the 3D image is not integrated properly, and flipped images are observed since light rays through the neighboring elemental lenses are also observed.
The integral floating display technique is one of the approaches to resolve those problems [9] [10] [11] [12] . It is a concept to combine the InIm display with a large floating lens [13] [14] [15] [16] [17] [18] to overcome the limitation of viewing angle by forming a viewing window through which the proper 3D image can be seen without the flipped images. However, even the integral floating display technique could not fully resolve the problem of low resolution, and we need to find another approach to realize a high-resolution autostereoscopic 3D imaging system using the existing FPD device to satisfy both the display manufacturers and the consumers.
The fundamental way to increase the resolution of the 3D image from the autostereoscopic 3D display, including the integral floating technique, is to use a display device with higher pixel density. Based on that approach some of the display manufacturers have demonstrated InIm 3D displays with an ultrahigh-definition (UHD; composed of 4096 × 2160 pixels) display device. However, although the UHD resolution is sufficiently high to be used in 2D consumer electronics, the InIm 3D display with a UHD device can provide 3D images with only highdefinition (HD; 1280 × 720) resolution and horizontal parallax at just 8-9 viewpoints. Considering that a full HD (FHD; 1920 × 1080) resolution has already become common in 2D and stereoscopic 3D displays, even the InIm with UHD device has difficulty satisfying the needs of consumers.
Another approach to increase the resolution and performance of the InIm 3D image is to make a tiled structure using several InIm displays. A tiling technique is a common one both in 2D and 3D displays to realize a large size display with high pixel density. The most important point to realize the tiling system is to remove or at least minimize the seam line between the basic display units to cause the occlusion effect. However, in case of a tiled integral floating system, the floating lens becomes a problem in satisfying the above condition since the size of the floating lens is commonly different from the other optical devices of the integral floating system, such as the lens array and the display screen.
Although there is previous research to match the size of the floating lens with that of the display area to resolve the problem, the viewing angle of that method is restricted due to the size mismatch between the intra-unit devices [19] . In this paper, an improved integral floating structure with enhanced viewing angle is proposed. It is suitable for the tiling structure by matching the size and position of the viewing window with those of all of the other optical devices inside an integral floating unit.
Principles
In the integral floating system, only the light rays passing through the viewing window can integrate proper 3D images. Figure 2 shows the upper and lower marginal rays that originate at the lower and upper edges of each elemental image. Therefore, the light rays observed through the viewing window include proper information of the integrated 3D image, and no flipped image will be seen through the viewing window.
However, there still exists a severe problem in the conventional integral floating system: abnormal light rays to integrate the flipped images [dashed lines in Fig. 3(a) ] can also be seen, even at the center viewpoint, due to the size mismatch between the floating lens and the lens array, and additional barriers are needed around the viewing window to block them. Regarding the refraction of the floating lens, the barriers should be parallel to the planes of the other optics, such as the floating lens and the lens array as shown in Fig. 3(b) . Therefore, it is hard to prevent the barrier from being observed, and the viewing window is typically smaller than the size of the entire system. As a result, the integral floating system is not suitable to realize a tiled structure due to the parallel barrier. If the multiple integral floating system is tiled to display large 3D images, only some part of those 3D images will be blocked by the barriers, and they can be seen only through the opened area (viewing window) of each integral floating system as shown in Fig. 4 , and there will be a significant amount of occlusion effect in a tiled integral floating structure using the conventional principles. Therefore, we need to improve that problem to realize a large autostereoscopic 3D display with superior resolution using a tiled structure.
In this paper, a structure to satisfy the above demand is realized using a lens array and two floating lenses. The structure of the proposed scheme is shown in Fig. 5 . The difference between the conventional one and the proposed technique is that the lens array is attached to one of the floating lenses to compose a nonuniform lens array, which has been reported in Ref. [20] and called an "offset" lens array [21] , although the possibility to extend the usage of the tiled integral floating display has not been revealed in the previous research.
The distance between the lens array and the display panel (elemental images) is set to be the focal length f 1 of the lens array, and the distance between the first and the second floating lenses is f 2 -the focal length of the floating lenses. In the proposed structure shown in Fig. 5 , the light rays from a single point of the display panel will become parallel through the lens array and will be induced to the first floating lens. As a result, the image of those light rays is formed at the location of the focal points where the second floating lens exists. Therefore, the second floating lens has a function of floating the integrated images. The other role of the second floating lens is a natural viewing window of the 3D image since the light rays from the edges of the area of a single elemental image will pass through the edges of the second floating lens as shown in Fig. 6 . In other words, the light rays within the viewing region or inside the viewing angle can pass only through the second floating lens.
Analyzing the paths of the abnormal rays that pass through the neighboring elemental lenses and make the flipped image (dashed lines in Fig. 7 ), they are indicated to diverge and be blocked by the perpendicular barrier. In other words, there will be no flipped image in the proposed system without the parallel barrier, and it is possible to realize a tiled structure with unblocked 3D images.
The second floating lens also has another role: it allows the observer to see the light rays from a single point on the offset lens array within the viewing angle and prevents the perpendicular barrier from being observed in the viewing zone as shown in Fig. 8(a) . If the second floating lens does not exist, the observer will see an area composed of the offset lens array and the perpendicular barrier as shown in Fig. 8(b) .
Moreover, the sizes of all optical devices in the proposed system are all the same, and it is ideal to realize a tiled integral floating system with a perpendicular barrier.
Considering the paths of the light rays to form the 3D image at the position of the second floating lens, the viewing angle θ of the proposed system can be analyzed as follows:
where D is the size of the first and second floating lenses. In order to meet the above condition, there should be the following relation between the size of the elemental lens d and that of the second floating lens D:
Considering the size matching between the optical components inside the system, the size of the lens array should be matched with D, and the following equations can be acquired:
In the proposed pickup method, to pick up the elemental images on off-axis position (ith), the viewing window (second floating lens) indicates a range for the proper pickup. After picking up a larger range ("picked-up range" in Fig. 9 ) than the viewing window into P pickup using the symmetric (conventional) CGII pickup method, the exceptional area (P pickup-d ) will be eliminated. For the above process, we used a criterion that was acquired from the principle in Fig. 6 that the edges of the viewing window match with those of each elemental image. Regarding the symmetry, the size of the picked-up range for the ith elemental image will be as follows:
Since the size of the proper range for each elemental image is the same for all elemental lenses, we can use Eq. (3) to modify the above equation:
Also, it is possible to recognize the relation below from Fig. 5 :
Using Eq. (3) again, Eq. (7) can be rewritten as follows:
As a result, the last equation can be acquired:
From the equations above, it is possible to calculate the size of the picked-up range for the ith elemental image and also the magnification ratio to generate the picked-up area (P pickup ). Also, for the elemental images in opposite position (−ith), the same principle as above could be used.
Experimental Setup and Results
The pictures of the experimental setup are shown in Fig. 10 . In the experiments, two integral floating units using the offset lens array are used to verify that the proposed scheme is appropriate for the tiled structure. In a single unit, two lenses with size (D) of 75 mm and focal length (f 2 ) of 150 mm have been used as the first and second floating lenses. Besides, the lens array has a focal length (f 1 ) of 10 mm and is composed of 15 by 15 elemental lenses whose size (d) is 5 mm. Therefore, the condition shown in Eqs. (3) and (4) experimental system can be calculated to be about 28 deg. As a display device, an LCD panel with diagonal size of 9.7 in. and pixel size of 96 μm was used. The elemental images are electrically generated using a computer-generated pickup method for the offset lens array that was described in Fig. 11 , and they are to integrate two characters of "3" and "D" at the positions of 130 and 90 mm from the first floating lens, respectively, as shown in Fig. 12 . Therefore, those two images have a depth difference of 40 mm. Although those "3" and "D" characters themselves are plane images, they are located in different depth positions and expected to show proper motion parallax.
The experimental results using the above setup and conditions are shown in Fig. 13 . The 3D ("3" and "D") images are taken into pictures at various positions. As expected in the theory, the realized system could provide the 3D images within a viewing angle of 28 deg. At the viewing positions exceeding the expected viewing angle, the perpendicular barrier blocks the light rays from the neighboring integral floating unit, and no image was observed. In reviewing the experimental results, it can be recognized that the relative positions of "3" and "D" characters have been changed corresponding to the view positions and therefore provided proper motion parallax. Since the perpendicular barrier is made from a black acrylic plate with thickness of about 1.2 mm, a thin seam line is observed between two integral floating units. This problem is expected to be resolved if we realize the perpendicular barrier with thinner material such as a metal plate. In the experimental setup, the acrylic plate was used because it is easier to process.
In order to verify the floating and resampling function of the second floating lens, the "3" and "D" images were taken again with the same experimental condition except one thing-the second floating lens was removed from the setup. The experimental results using the modified setup are shown in Figs. 14(a) and 14(b) . The images were taken at the same horizontal view positions as in Fig. 13 , but look different due to the lack of the second floating lens. At first, they are not integrated into an image ("3" or "D") because they are not floated and therefore are not at the designated positions. As a result, the images are not displayed through two integral floating units, and each unit shows its wrong 3D images. Second, the other point to be reviewed is that there is a gap between the images from each integral floating unit. The gap is actually an observed part of the perpendicular barrier. Since the barrier is made with a black acrylic plate as shown in Fig. 14(a) , the observed part looks like a gap (nothing). Through the above analysis on the secondary experimental results shown in Fig. 14 , the function of the second floating lens was proved as enhancing the picture quality of the 3D images.
Conclusions
In this paper, a tiled integral floating display with an enhanced viewing angle using an offset lens array is proposed. Considering the low resolution of an integral floating display system, it could be a solution to realize a tiled structure with many integral floating units. In order to meet the above condition, the offset lens array, which is composed of a lens array and a floating lens, is used. The role of the offset lens array is to refract the light rays that integrate the flipped image (dashed lines in Fig. 4 ) in order to make them be blocked by the perpendicular barrier as shown in Fig. 7 . In addition, another floating lens (second floating lens) is also attached at the exit pupil of the proposed structure to enhance the picture quality by floating the 3D images and preventing the perpendicular barrier from being observed within the viewing angle. With the above combination, the size of the viewing widow could be matched with that of the other devices and the proposed integral floating unit was able to realize a tiled structure for higher pixel density and enhanced 3D resolution. However, although the basic principles for realizing a tiled structure using the offset lens array and the perpendicular barrier are proved by the experimental results with two integral floating units, the realization of a large size display using multiple integral floating units still requires us to solve new challenges such as complex signal processing, optical alignment between the integral floating units, and synchronization of display signals for all units.
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